The purpose of the present study was to determine the relationship of inferior vena cava diameter (IVCD) and its respirophasic variation (IVC collapsibility index: IVCCI) with central venous pressure (CVP), and thereby to provide reference cut-offs for such IVC parameters to estimate elevation in CVP in pediatric patients with cardiovascular disease.
ssessment of cardiac preload condition is a prerequisite for better understanding and management of cardiovascular disease. 1-5 Central venous pressure (CVP) is a simple yet useful index of preload state with regard to ventricular function, and has been extensively used in a variety of clinical and experimental conditions. To measure CVP, however, placement of a central venous catheter is required, thus limiting its use in routine clinical practice, especially in pediatrics patients, due to the invasiveness of catheter insertion and the associated risk of complications. 6 Therefore, development of non-invasive methods for estimating CVP would be of great clinical benefit.
The size of the inferior vena cava (IVC) and its respirophasic variation (IVC collapsibility index: IVCCI) reflect IVC volume and pressure status, and can be measured non-invasively on ultrasound. Several previous studies in adults have demonstrated the usefulness of these parameters in non-invasive estimation of CVP. 7-10 There is little or no information, however, about the usability of these IVC parameters for estimation of CVP in pediatric patients. 11 The present study was conducted to determine the relationship between IVC parameters and CVP in pediatric patients with cardiovascular disease, and to provide reference cut-offs to estimate elevated CVP.
Methods

Patients
One hundred and eighteen consecutive pediatric patients with various kinds of heart disease who either had a central venous catheter in the Intensive Care Unit or underwent cardiac catheterization, were enrolled in the present study. Patient age ranged from 0 to 18 years (mean, 2.6±4.1 years). Among these, 91 patients were on spontaneous breathing while the remaining patients were maintained on mechanical ventilation with positive airway pressure. Written informed consent Figure 1 . Measurement of (Left) maximum and (Right) minimum diameters of the inferior vena cava (arrows) on echocardiography (subcostal sagittal view). 
Measurements
Echocardiography was carried out simultaneously with direct measurement of mean CVP. The CVP was measured using the same fluid-filled (saline solution) system in all patients after proper zeroing and calibration. Two-dimensional IVC diameter (IVCD) was measured using a commercially available ultrasound machine (iE33 TM or SONOS 5500 TM , Philips) from the subcostal sagittal view while patients rested in the supine position. The maximum (IVCDmax) and minimum (IVCDmin) diameters of IVC were measured at the IVChepatic vein junction as an anatomical landmark (Figure 1) . Care was taken so that IVCD was maximized during the respiratory cycle. Each parameter was measured twice and the average was recorded. The intra-observer variability for maximum and minimum IVCD was as low as 4% and 7%, respectively, and the inter-observer variability for maximum and minimum IVCD was 9% and 10%, respectively. IVCCI was calculated as (IVCDmax -IVCDmin)/IVCDmax.
Statistical Analysis
Data for spontaneously breathing patients and mechanically ventilated patients were compared using unpaired t-test. The relationship of IVCD and IVCCI with CVP was evaluated using Pearson's regression coefficient. A receiver operator characteristic (ROC) curve was generated to determine the optimal cut-offs for estimating high CVP (defined as CVP ≥10 mmHg. All statistical analyses were performed using JMP TM version 7.0.1. P<0.05 was considered statistically significant.
Results Table 1 summarizes the patient demographic data. The studied patients had a broad spectrum of underlying diseases that were representative and typical of pediatric heart disease. Reflecting the diversity of underlying diseases and conditions, patients had a wide range of CVP from 1 mmHg to 22 mmHg. Table 2 lists the average CVP, the ranges of each IVC parameter and its correlation with CVP, for both spontaneously breathing and mechanically ventilated patients. The IVCDmax, IVCDmin and IVCCI correlated significantly with CVP in spontaneously breathing patients (R 2 =0.26-0.47). In the mechanically ventilated patients, IVCDmax was significantly lower and IVCDmin was significantly higher, compared to the respective values for spontaneously breathing patients (both P<0.05). Hence, the respirophasic variation of IVCD was significantly less prominent (smaller IVCCI) than that under spontaneous breathing. Based on these changes, there was no correlation between various IVC parameters and CVP in mechanically ventilated patients. Because IVCD is influenced by body size, it was normalized to body weight, height and surface area, and the relationships among the different parameters and CVP were again examined. Table 3 summarizes the results, demonstrating Tables 1-3 . Variation of Inferior Vena Cava Diameter that although normalization to patient height provided the best correlation with CVP, both in spontaneously breathing and mechanically ventilated patients, none of the normalized parameters yielded better correlation compared to that without normalization. The ROC curve demonstrated that IVCCI under spontaneous breathing had the best area under the curve (AUC), with sensitivity of 1.0 and specificity of 0.95 for a cut-off of 0.22 to discriminate CVP above or below 10 mmHg (Figure 2A ; Table 4 ). IVCD with or without normalization to body size also had a relatively good AUC and sensitivity/specificity of the optimal cut-offs, but these were lower than those of IVCCI. All IVC parameters used in the present study had low discrimination power in mechanically ventilated patients.
To further evaluate the clinical usefulness of IVCCI in predicting elevated CVP especially in spontaneously breathing patients, we performed 2 additional analyses. First, we tested whether IVCCI can reasonably predict elevated CVP regardless of the underlying hemodynamic disease/condition. For this purpose, ROC analysis was performed in a subgroup of patients with single ventricular circulation (n=21). The results again showed a significant correlation between IVCCI and CVP (r 2 =060, P<0.01), and IVCCI of 0.22 best predicted CVP >10 mmHg, with a sensitivity of 100% and specificity of 93% (AUC =0.99; Figure 2B ). Second, we examined changes in CVP -IVCCI relationships in 7 patients in whom serial measurements of CVP and IVCCI were obtainable. As shown in Figure 3 , the initial CVP of all the 7 patients was <10 mmHg with a corresponding IVCCI >0.22. Importantly, 3 patients whose CVP increased to ≥10 mmHg in the second measurements had concomitant decreases in IVCCI to <0.22. These data further support the validity of IVCCI for predicting elevated CVP in spontaneously breathing patients.
Discussion
The present study demonstrated a significant correlation between CVP and ultrasound measurement of IVCD in spontaneously breathing patients, but not in mechanically ventilated patients. Furthermore, there was also a significant correlation between CVP and respirophasic variation of IVCD, termed IVCCI, in spontaneously breathing patients. ROC analysis showed that an IVCCI of 0.22 in spontaneous breathing is a good indicator of elevated CVP (≥10 mmHg) with high sensitivity and specificity, while the low sensitivity/specificity in mechanically ventilated patients indicates that IVCCI or IVCD for the estimation of high CVP in such patients are not useful. These results highlight the feasibility of non-invasive estimation of CVP by ultrasound measurement of IVCD in the pediatric population.
IVC Parameters and CVP Under Spontaneous Breathing
The idea that IVCD and its respiratory dynamics may reflect CVP is not new; it emerged nearly 3 decades ago, 9,10 and several studies, mostly in adults, have demonstrated a relatively good correlation between CVP and IVCD and/or IVCCI. 7,12-15 The present study in pediatric patients with heart disease is consistent with such results (Tables 2,3 ) but, in the clinical setting, due to the data scatter, "correlation", involving assessment of a group of patients, does not help in estimating the CVP in a specific patient. Therefore, the predictive accuracies of parameters for assessing CVP must be investigated. Such reports have been limited to only 3, all of which were conducted in adults, and there has been no such report in children. Moreno et al reported a significant correlation between IVCDmax and CVP, but sensitivity in the estimation of CVP >7 mmHg was as low as 40%. 15 Kircher et al found that IVCCI that had optimal predictive use for CVP >10 mmHg was 0.5 (sensitivity 87%, specificity 82%). 13 Brennan et al also reported that an IVCCI cut-off of 0.4 can estimate CVP >10 mmHg with a sensitivity of 73% and specificity of 84%. 8 Both the sensitivity and specificity of the IVCCI cut-off determined in the present study are higher than those of the previous studies. Notably, the cut-off of 0.22 for CVP ≥10 mmHg in the present study is much lower than that reported previously in adults (0.4 or 0.5), indicating that respirophasic variation of IVCD is fundamentally smaller in children than in adults.
The underlying assumption that IVCCI should reflect CVP is based on the physiologic correlation between venous pressure and its volume, but there are several other factors that could affect this relationship. First, because IVC collapses during inspiration due to negative intrathoracic pressure associated with inspiration, the deeper the inspiration is, the more collapsed the IVC is, causing variations in IVCCI under the same CVP. Therefore, the respiratory status of patients must be taken into account when measuring and interpreting IVCCI. Also, the effects of respiratory efforts on IVCCI may in part account for the difference in the cut-off between children in the present study and adults in the previous studies, because children have higher respiratory rates and shallower inspiration than adults, potentially resulting in smaller IVCCI in children than in adults. Second, because the relationship between venous pressure and volume is determined by venous compliance, differences in venous compliance among patients may affect the IVCCI -CVP relationship. It is well known that arterial compliance decreases with advancing age both in children 16,17 and in adults. 18 Although there are no reports on the age-associated changes in venous compliance, venous compliance could also show age-dependent alteration and thereby affect the IVCCI -CVP relationship. The size of the IVC itself could also affect IVCCI, because the wall tension of a vessel is proportionate to its radius according to Laplace's law. A smaller IVC, as in children, changes its diameter less than the larger IVC, as in adults, with the same change in pressure, due to the size-related difference in wall tension. This may also have contributed to the smaller IVCCI cut-off in children than in adults when estimating the same CVP levels. In addition, it is possible that venous compliance is influenced by disease and the pathologic state, such as long-standing pressure/volume overload or cyanosis. Although our sub-analysis ( Figure 2B ) suggested that such factors have minimal effects, Kelley et al reported decreased venous capacitance in patients with Fontan circulation. 19 The effects of respiration, age and underlying disease should be examined in future studies to further refine the method of estimating CVP using IVCCI. Last, the measurement error for IVCD can potentially cause variations in the CVP -IVCCI relationship. There are 2 ways to visualize IVC with echocardiography: the transverse view and longitudinal view. Although not clearly stated as to which view was used in the majority of previous studies, Chen et al used a transverse view to measure the IVCD. 20 The IVC, however, moves caudally during inspiration and cranially during expiration, causing a shift of measurement point and consequently measurement errors, as noted by Tamaki. 9 Therefore, we selected the longitudinal view and selected a measurement point at the IVC -hepatic junction to minimize the shift in measurement point during the respiratory cycle. For accurate measurement of IVCD, it is important to visualize the IVC in the center of the probe and maximize the IVCD throughout the respiratory cycle. IWAMOTO Y et al.
Similar to the IVC, the superior vena cava (SVC) also receives a significant amount of cardiac venous return. Therefore, the flow dynamics of the SVC together with that of IVC could provide more useful information about CVP levels, and this warrants future studies.
Effects of Ventilation
In addition to measurements during spontaneous breathing, the present study investigated the relationship between IVC variables and CVP under mechanical ventilation to examine the effects of positive intrathoracic pressure. No correlation was found between the IVC parameters and CVP under mechanical ventilation due to a basal increase in IVCD. The results are consistent with previous studies in mechanically ventilated adults 21 and neonates. 22 Because inspiration under mechanical ventilation results in an increase rather than a decrease in intrathoracic pressure, and because basal IVCD is already increased by the positive intrathoracic pressure with mechanical ventilation, the respirophasic variation of IVCD should be minimized, as shown in the present study. Therefore, if the CVP is low enough to allow for an increase in IVCD in response to further rise in pressure during inspiration, then IVCCI should be high. Therefore, under mechanical ventilation, the IVCCI can serve as an index to ensure lower levels of CVP. Indeed, the CVP of the 3 patients with IVCCI >0.3 (IVCCI of other patients <0.3) was <10 mmHg under mechanical ventilation. Future studies of larger number of patients are warranted to test this hypothesis.
Conclusions
The present study demonstrates for the first time that the 2-dimensional ultrasound index of respirophasic variation of IVC size, IVCCI, can be used in spontaneously breathing pediatric patients with heart disease to detect elevated CVP. The results suggest that the ultrasonographically derived IVCCI is potentially useful for the management of circulation in pediatric patients with heart disease.
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